The phosphatidylinositol 3-kinase (PI3K)/Akt and p53 pathways play antiapoptotic and proapoptotic roles in cell death, respectively. Cancer cell growth and progression are associated with high levels of PI3K/Akt activation by loss of PTEN expression and the inactivation of p53 by MDM2 overexpression. We report that inhibition of PI3K/ Akt, either by the PI3K inhibitor Ly294002 or by expression of PTEN, synergized the ability of the MDM2 antagonist nutlin-3 to induce apoptosis in acute lymphoblastic leukemia (ALL). We used a set of ALL cell lines with wild-type p53 and MDM2 overexpression, but different status of PTEN expression/PI3K/Akt activation, to test the ability of nutlin-3 to induce p53 and apoptosis. Nutlin-3 activated p53 in all the ALL cell lines; however, induction of apoptosis was dependent on PTEN status. Nutlin-3 induced potent apoptosis in cells with PTEN expression but not in those without PTEN, suggesting that PTEN/ PI3K/Akt pathway may play a role in this process. Furthermore, nutlin-3 significantly down-regulated survivin expression in PTEN-positive cells but not in PTENnegative cells. When these nutlin-3 -resistant cells were either pretransfected with the PTEN gene or simultaneously treated with the PI3K inhibitor Ly294002, survivin was down-regulated and sensitivity to nutlin-3 was increased. Furthermore, direct silencing of survivin by small interfering RNA also increased the proapoptotic effect of nutlin-3 on the PTEN-negative, nutlin-3 -resistant ALL cells. Our results suggest that Akt-mediated survivin up-regulation in PTEN-negative ALL cells may counteract the proapoptotic effect of nutlin-3, and indicate that a combination of MDM2 antagonist and PI3K/Akt inhibitor may be a promising approach for treating refractory ALL. [Mol Cancer Ther 2008;7(5):1101 -9] 
Introduction
It is well established that the inactivation of p53 plays a critical role in cell transformation and tumor cell growth (1) . These p53-inactive cancers progress, developing resistance to apoptosis; therefore, cancer patients with inactivated p53 are usually resistant to the chemoradiation therapy that kills cancer cells through apoptotic pathways (2) . Impairment of p53 function may be caused either by p53 gene mutations (3) or by changes in its primary negative regulator MDM2, which is amplified or overexpressed in diverse human malignancies, including leukemia (4, 5) . MDM2, a multifunctional oncoprotein, inactivates p53 through different mechanisms. First, MDM2 can bind the transcription domain of p53 and block its ability to activate gene transcription (6) . Second, MDM2 functions as an E3 ligase, initiating the ubiquitination and degradation of p53 (7, 8) . In addition, MDM2 can promote nuclear export of p53 and inhibit its acetylation (9) .
Given the importance of MDM2 in inactivating p53, disruption of the p53-MDM2 interaction seems to be an attractive approach in cancer therapy, at least in cancers having wild-type (wt) p53. Over the years, much effort has been made to disrupt interactions between MDM2 and p53 to facilitate wt p53 function. Strategies included the use of antibodies or inhibitory peptides directed at the MDM2 molecule, and either antisense oligonucleotides or small interfering RNA (siRNA) to inhibit MDM2 expression (10, 11) . Recently, a potent and selective MDM2 antagonist called nutlin-3 was discovered (12) . This nongenotoxic compound binds to the p53-binding pocket in the MDM2 protein, thus inhibiting the binding of p53 and activating the p53 pathway in cancer cells with wt p53. In fact, treatment with this small-molecule drug selectively induces cell cycle arrest, growth inhibition, and apoptosis in a variety of human cancers with wt p53, including prostate and lung carcinoma (13, 14) , neuroblastoma (15), Hodgkin's lymphoma (16) , multiple myeloma (17) , acute myelogenous leukemia (18) , chronic lymphocytic leukemia (19, 20) , and acute lymphoblastic leukemia (ALL; ref. 21) .
It has been shown that nutlin-3 is cytotoxic to cancer cells due to its ability to increase p53-mediated activity through both induction of proapoptotic factors and repression of antiapoptotic survivin (21) . Survivin, a unique member of the inhibitor of apoptosis protein (IAP) family, plays an important role in regulating both apoptosis and cell division (22) . The overexpression of survivin has been identified as a negative prognostic factor in various cancer types and was implicated in resistance to apoptosis induction by anticancer agents (23) . Overexpressed survivin is associated with activation of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. Evidence for the up-regulation of survivin via the PI3K/Akt pathway was first shown in endothelial cells (24) . Later, many other investigational groups further showed that survivin expression is activated by the PI3K/Akt pathway, conferring cell survival and resistance to apoptosis in various malignant cells, including myeloid leukemia (25) and cancers of prostate (26), breast (27) , and lung (28 -30) . These previous study results indicate that activation of the PI3K/Akt pathway is required for the up-regulation of survivin expression. Because nutlin-3 activity is enhanced by the down-regulation of survivin mediated by p53, PI3K/ Akt-mediated survivin up-regulation may adversely alter the apoptosis-inducing activity of nutlin-3 in cancer cells.
Because the neoplastic cells from a significant percentage of patients with malignancies have high levels of PI3K/Akt activation due to loss of PTEN expression, we decided to examine the expression of survivin and its association with nutlin-3 -induced apoptosis in both PTEN-positive and PTEN-negative leukemia cells of pediatric patients with ALL. By screening a panel of ALL cell lines having wt p53 and MDM2 overexpression, we discovered that the PTEN-expressing ALL cells express relatively low levels of survivin and are sensitive to nutlin-3, whereas, in contrast, the PTEN-negative ALL cells express high levels of survivin and are relatively resistant to nutlin-3. Importantly, we observed that inhibition of the PI3K/Akt/ survivin pathway significantly enhances the antileukemic effect of nutlin-3 in PTEN-negative ALL cells.
Materials and Methods

Cell Lines and Cell Cultures
Six established cell lines originating from children with ALL were studied. Two of these lines (EU-1 and EU-3) were established at Emory University (Atlanta, GA), and three (Sup-B13, Sup-B15, and UOC-B11) were obtained from Dr. Stephen D. Smith (University of Kansas, Kansas City, KS). The Reh ALL line was obtained from Dr. C. Rosenfeld (Institut National de la Sante et de la Recherche Medicale, Villejuif, France). The phenotypes of these cell lines, including p53 status and expression levels of MDM2, PTEN, and PI3K/Akt, were characterized in prior publications (31) . These cells were cultured in standard culture medium (RPMI 1640 containing 10% fetal bovine serum, 2 mmol/L L-glutamine, 50 units penicillin, and 50 Ag/mL streptomycin) at 37jC in 5% CO 2 .
Reagents and Cell Treatment
The small-molecule MDM2 antagonist nutlin-3, purchased from Cayman Chemical, was dissolved in ethanol to create a 10 mmol/L stock solution, which was stored in small aliquots at À20jC. The ALL cells were exposed to 0 to 10 Amol/L of nutlin-3 for the time period indicated, with the final ethanol concentration kept constant in each experiment. It is of note that the solution is a combination of equimolar amounts of nutlin-3a (active) and nutlin-3b (inactive) isomers. Thus, concentrations of active isomer are equal to 50% of the total concentration. The specific PI3K inhibitor Ly294002, purchased from Cell Signaling, was dissolved in DMSO to create a 10 mmol/L stock solution and also stored in small aliquots at À20jC. Cells were exposed to 0 to 20 Amol/L of Ly294002 for the time period indicated, with the final DMSO concentration kept constant in each experiment.
Gene Transfection For stable PTEN gene transfection, EU-1 cells in exponential growth were transfected with a wt PTEN expression plasmid (pCMV-PTEN) or a catalytically inactive PTEN mutant (PTENm) plasmid (pCMV-PTEN-C124S) provided by Dr. D.J. Tindall (Mayo Foundation, Rochester, MN). Transfection was done by electroporation at 300 V, 950 AF. The cells were seeded into culture dishes 48 h after transfection for the selection of G418-resistant colonies.
Survivin siRNA and Transfection The siRNA was designed to target survivin mRNA, with a target sequence of 5 ¶-TGGGCGCCGCGAATCCGGC-3 ¶. A scrambled siRNA was used as a control. EU-1 cells were transfected with 50 to 200 nmol/L of chemically synthesized siRNA (Dharmacon) using Lipofectamine 2000 Reagent (Invitrogen). Briefly, EU-1 cells were seeded into 12-well plates at a density of 1 Â 10 6 per well and cultured overnight. The next day, the siRNA solution was mixed with Lipofectamine 2000 Reagent in Opti-MEM I medium for 20 min following the manufacturer's protocol and then added to EU-1 cells in a total volume of 0.5 mL. After a 4-h incubation, 1 mL of normal medium was added to the cell culture.
Western Blot Analysis Cells were lysed for 30 min at 4jC in a buffer composed of 150 mmol/L NaCl, 50 mmol/L Tris (pH 8.0), 5 mmol/L EDTA, 1% (v/v) NP40, 1 mmol/L phenylmethylsulfonyl fluoride, 20 Ag/mL aprotinin, and 25 Ag/mL leupeptin. Equal amounts of protein extracts (10 Ag) were resolved by SDS-PAGE. Following transfer to a nitrocellulose filter, it was blocked for 1 h at room temperature with buffer containing 20 mmol/L Tris-HCl (pH 7.5), 500 mmol/L NaCl, and 5% nonfat milk; incubated with specific antibodies for 3 h at room temperature; washed; and incubated with a horseradish peroxidase -labeled secondary antibody for 1 h. Finally, the blots were developed using an enhanced chemiluminescence detection system (Amersham Life Science).
Water-SolubleTetrazolium Salt Assay The cytotoxic effect of nutlin-3 and doxorubicin on ALL cells was determined with the water-soluble tetrazolium salt (WST) assay. Briefly, cells were cultured in 96-well microtiter plates with different concentrations of nutlin-3 for a 44-h period. Then, WST (25 Ag/well) was added and the cells were incubated for an additional 4 h. Following incubation, the absorbance of the wells was read with a microplate reader set at a test wavelength of 450 nm and a reference wavelength of 620 nm. Appropriate controls lacking cells were included to determine background absorbance.
Annexin V Assay Quantification of apoptotic cells was done using Annexin V staining and flow cytometry. Cells with or without treatment were washed once with PBS before staining with FITC-Annexin V and propidium iodide according to the manufacturer's instructions. Samples were analyzed with a FACScan (Becton Dickinson) and WinList software (Verity Software House).
Results
ALL Cells with Differing PTEN Expression Have a Differential Response to Nutlin-3^Induced Cytotoxicity and Apoptosis
The six ALL cell lines used in this study have been previously characterized for their immunophenotype, p53 status, and expression of MDM2 and PTEN (31, 32) . All six cell lines have the same immunophenotype of B-cell precursor (BCP-ALL), wt p53, and MDM2 overexpression. Of the six lines, three (Reh, EU-1, and Sup-B13) lack PTEN expression and the other three (EU-3, UOC-B11, and Sup-B15) express PTEN. The expression of PI3K and activation of Akt [phosphorylated form of Akt (p-Akt)] in these lines were correlated with the expression of PTEN in a functionally sequential manner. Cell lines without PTEN expression expressed a higher level of PI3K and a constitutively higher level of p-Akt than the lines with PTEN expression. Interestingly, the PTEN-negative ALL lines expressed relatively higher levels of survivin than did the PTEN-expressing lines (Fig. 1A) .
First, we examined the effect of nutlin-3 on the viability and cell survival of these cell lines using the WST cytotoxicity assay. Nutlin-3 exhibited dose-dependent cytotoxic activity in all six cell lines (Fig. 1B) . However, the degrees of response to nutlin-3 -induced cytotoxicity differ between the PTEN-positive and PTEN-negative lines. The average percent of cell survival at 10 Amol/L nutlin-3 for 48-h treatment for PTEN-positive cell lines was 19 (range, 15 -22) compared with 51 (range, 45 -58) for PTENnegative cell lines. To clarify whether the cell death induced by nutlin-3 in these wt p53 ALL cells was indeed due to induction of apoptosis, the Annexin V apoptosis assay was used. Nutlin-3 treatment induced apoptosis in these cell lines. Consistent with the WST results, nutlin-3 induced stronger apoptosis in the PTEN-positive lines than in the PTEN-negative lines. As shown in Fig. 1C , treatment of nutlin-3 at concentration of 10 Amol/L for 48 h induced apoptosis in f79% of PTEN-positive cells compared with 51% apoptosis in PTEN-negative cells (P < 0.05).
Ly294002 Synergizes Nutlin-3 in Inducing Cell Death and Apoptosis in ALL Cells Lacking PTEN Expression
Because the high level of Akt activation due to a deficit in PTEN expression affects the antisurvival and proapoptotic effects of nutlin-3, we investigated whether inhibition of Akt activation by a specific PI3K inhibitor would increase the response of PTEN-negative ALL cells to nutlin-3. We used a well-characterized PI3K inhibitor, Ly294002, to inhibit the phosphorylation of Akt. We evaluated the effect of Ly294002 on nutlin-3 -induced cytotoxicity in two PTEN-negative ALL cell lines, Reh and EU-1, using WST analysis. Although Ly294002 alone did not show an obvious cytotoxic effect on both cell lines, cotreatment of Ly294002 with nutlin-3 significantly increased the cytotoxic effect of nutlin-3. As shown in Fig. 2A and B, a significant difference in mean cell survival was noted between cells treated for 48 h with nutlin-3 alone and the same cell type treated with a combination of nutlin-3 and Ly294002 (P < 0.05). Consistent with these observations, a quantitative confirmatory apoptosis assay using flow cytometry revealed that a significantly increased percentage of EU-1 cells respond to treatment with a combination of nutlin-3 and Ly294002. At 48 h after treatment, the EU-1 cells treated with the drug combination became mostly Annexin V positive (from 7% apoptotic cells to 83%) compared with those treated with nutlin-3 alone (from 7% to 55%; see Fig. 2C ).
PTEN Gene Transfection Increases the Cytotoxic and Apoptotic Effects of Nutlin-3
As described above, the loss of PTEN expression seemed to be associated with activation of Akt and to the resistance of ALL cells to cytotoxicity and apoptosis induced by nutlin-3. To investigate this relationship further, we transfected the PTEN gene into an EU-1 cell line that lacks endogenous PTEN expression to confirm the role of PTEN in regulating both Akt activation and the antileukemic activity of nutlin-3. Transfection of a phosphatase-inactive PTENm plasmid into EU-1 was also done as a control. As shown in Fig. 3A , both the transfected PTEN and PTENm proteins were stably expressed. We found that the activation of Akt, as shown by the expression of p-Akt, was reduced in the wt PTEN -transfected cells but not in PTENm-transfected cells. When we compared the EU-1 cells expressing PTEN with EU-1 -expressing PTENm and EU-1 transfected with empty neo plasmid (vehicle) with respect to their responses to nutlin-3, we discovered that the EU-1/PTEN cells showed significantly increased cell death compared with EU-1/vehicle and EU-1/PTENm cells. As is shown in Fig. 3A , an obvious difference was noted in mean cell survival after 48 h of nutlin-3 treatment at concentrations of z5 mmol/L (P < 0.05). Consistent with the WST results, our flow cytometric apoptosis assays showed that an increased percentage of the EU-1/PTEN cells (from 10% to 80%) underwent apoptosis after 48-h nutlin-3 treatment compared with EU-1/vehicle and EU-1/PTENm cells (from 4% to 55% and from 5% to 58%, respectively; Fig. 3B ).
Survivin Is Involved in Nutlin-3^Induced Apoptosis, Which Is Regulated by the PTEN/PI3K Pathway It is well shown that nutlin-3 induces apoptosis through activation of wt p53 and its target genes, including the proapoptotic genes Bax and PUMA. We investigated the effect of nutlin-3 on the expression of these genes in our ALL cell lines. In particular, we wondered whether nutlin-3 also has a different effect on activation of wt p53 and its target genes in ALL cells with or without PTEN expression and whether this difference is responsible for the previously observed degrees of response to nutlin-3 -induced growth inhibition and apoptosis. We compared the induction of p53, p21, Bax, and PUMA by nutlin-3 treatment between two different cell lines, EU-1 (PTEN negative) and EU-3 (PTEN positive). These two cell lines were chosen because they express similar levels of MDM2 to rule out the influence of different amounts of MDM2 on the induction of p53 by nutlin-3 (21) . Interestingly, we found that p53, p21, Bax, and PUMA were similarly induced by nutlin-3 treatment in both EU-1 and EU-3 cells (Fig. 4A) . Quantitative reverse transcription-PCR further showed that induction of these genes occurs at transcriptional levels, and the levels of their induction are similar in both EU-1 and EU-3 cell lines (data not shown). However, a test comparing their survivin gene activities did identify a difference in survivin gene down-regulation by nutlin-3 between these PTEN-positive and PTEN-negative cells. As shown in Fig. 4B , treatment with 10 Amol/L nutlin-3 for 12 h significantly reduced survivin expression in all three PTEN-positive cell lines tested but not in the three PTEN-negative lines.
In addition, we compared the kinetic expression of survivin after nutlin-3 treatment of EU-1 cells that were either transfected with the PTEN gene or a control. In the EU-1 cells transfected with control vector, no significant change in survivin expression was noted. However, in the PTEN-transfected cells, survivin expression was found to be remarkably down-regulated 4 h after nutlin-3 treatment, and it became barely detectable after 12 h of nutlin-3 treatment (Fig. 4C) . We also did a test to assess the specificity of this response. When two other IAP members, cIAP-1 and cIAP-2, were tested for their expression levels following nutlin-3 treatment, they remained unchanged.
As had been shown in previous studies, activation of the PI3K/Akt pathway up-regulates survivin expression, whereas inhibition of PI3K/AKT down-regulates survivin expression. However, in this study, our results showed that the PI3K inhibitor Ly294002 (at a similar concentration) produced no significant down-regulation of survivin expression in EU-1 cells, although it inhibited the activation of Akt (Fig. 5A) . In contrast, a combination of Ly294002 and nutlin-3 significantly reduced survivin expression in EU-1 cells, indicating that there is a synergy between these two inhibitors that can regulate survivin gene expression (Fig. 5B) . No additional or synergetic effect was found between nutlin-3 and either of the mitogen-activated protein kinase pathway inhibitors SB203580 or PD98059. These findings indicated that, in PTEN-negative EU-1 cells, the lack of survivin down-regulation on treatment with nutlin-3 is at least partially attributed to a high level of Akt activation.
Inhibition of Survivin Expression by siRNA Enhances Nutlin-3^Induced Cytotoxicity and Apoptosis
To further confirm that the down-regulation of survivin plays a critical role in nutlin-3 -induced cytotoxicity and apoptosis, we investigated whether direct inhibition of endogenous survivin by siRNA could increase the cytotoxic and apoptotic effect of nutlin-3 in PTEN-negative ALL cells. We used chemically synthesized survivin siRNA. As seen in Fig. 6A , transfection of survivin siRNA into EU-1 cells down-regulated survivin expression in a dose-dependent manner. WST assay showed that the introduction of siRNA mediated the down-regulation of survivin and sensitized EU-1 cells to nutlin-3 -induced inhibition of proliferation (Fig. 6B) . In fact, a significant difference was noted in mean cell survival after 48 h of nutlin-3 treatment between EU-1 cells treated with control siRNA and the same type of cells treated with survivin siRNA. Similar results were found by testing with other methods. Transfection of survivin siRNA was able to sensitize EU-1 cells to nutlin-3 -induced apoptosis, as measured by Western blot assay for both activation of caspase-3 and cleavage of the death substrate poly(ADP-ribose) polymerase. As is shown in Fig. 6C , significant cleavage of both caspase-3 and poly(ADP-ribose) polymerase was detected in survivin siRNA -transfected cells 8 h after nutlin-3 treatment, whereas cleavage of these two proteins was not observed in the control siRNA -treated cells treated in a similar way with nutlin-3. Consistent with these observations, a quantitative apoptosis assay (Annexin V) proved that, 48 h after nutlin-3 treatment, a much greater number of EU-1 cells that were treated with survivin siRNA were Annexin V positive (83%) than those treated with control siRNA (55%; Fig. 6D ).
Discussion
Previously, we studied the activity of the MDM2 antagonist nutlin-3 in the induction of apoptosis in ALL cells. We found that nutlin-3 induces apoptosis in ALL cells with wt p53 and MDM2 overexpression. We also found that nutlin-3 -induced apoptosis is involved in the regulation of the antiapoptotic factor survivin, a transcriptional target of p53. The degree of apoptosis induced by nutlin-3 in ALL cells is closely associated with the levels of survivin downregulation by nutlin-3 (21) . Because survivin is tightly regulated by the PI3K/Akt pathway, in the present study, we investigated whether the apoptosis-inducing activity of nutlin-3 differs in ALL cells with and without PI3K/Akt activation. We compared PTEN-positive and PTEN-negative ALL cell lines, assessing the induction of apoptosis by nutlin-3. Our results showed that, despite expression of similar amounts of wt p53 and MDM2, PTEN-expressing ALL cells were sensitive to nutlin-3, whereas PTENnegative ALL cells were relatively resistant to nutlin-3. Considering that PI3K/Akt is activated in PTEN-negative ALL cells, it could perhaps up-regulate survivin and attenuate nutlin-3 activity, so we treated the PTENnegative cells with nutlin-3 in combination with the PI3K inhibitor Ly294002, or by prior transfection of PTEN into these PTEN-negative cells, to suppress PI3K/Akt. We discovered that inhibition of Akt significantly synergizes the antileukemic activity of nutlin-3, with concomitant down-regulation of survivin. Furthermore, direct silencing of survivin by siRNA increased the activity of nutlin-3, inducing the apoptosis of PTEN-negative cells. These results indicate that it is the PI3K/Akt/survivin signaling pathway that interferes with apoptosis-inducing activity of nutlin-3 in ALL cells. Knowledge of how these cellular proteins interact may help resolve resistance-related issues for ALL patients.
Survivin is a member of the IAP family. With a single baculovirus IAP repeat domain, survivin has the capability of inhibiting cellular caspase-3, caspase-7, and caspase-9. Overexpression of survivin can lead to a state of resistance to cell death by various types of apoptotic stimuli. In fact, survivin overexpression was found to correlate with poor prognosis in a variety of cancers, including leukemia. A recent study by Troeger et al. (33) showed that survivin overexpression of up to a 10-fold increase above the normal level was detected in 65% of BCP-ALL samples, so it serves as a significant prognostic marker for this disease.
It has been well defined that the expression of survivin is transcriptionally regulated by wt p53. The survivin gene promoter contains a p53 response element. Increased expression of p53 represses survivin promoter activity, resulting in decreased survivin protein expression (34 -36) . Mutation of the p53 gene in BCP-ALL is rare (37) , so in most cases of the disease p53 is wt. Differential expression of survivin in BCP-ALL suggests that additional mechanisms are involved in the regulation of survivin expression in these kinds of neoplastic cells. Our results from the present study showed that expression of survivin in BCP-ALL cell lines is associated with expression of the PTEN tumor suppressor gene. Despite having similar immunophenotypes, wt p53, and MDM2 expression levels, all the PTEN-negative ALL cell lines studied expressed high levels of survivin, whereas all PTENpositive cell lines expressed low levels of survivin. Our observations are consistent with the results of a study using tissue microarray in endometrial carcinoma, in which survivin expression had a statistically significant correlation with decreased PTEN expression (38) . Because PTEN is a potent inhibitor of the PI3K/Akt pathway, the loss of PTEN expression resulting in elevated survivin expression suggested that survivin expression is regulated by PI3K/ Akt signaling.
In fact, it has been noted that activation of the PI3K/Akt pathway is involved in the regulation of survivin, although the precise mechanisms by which PI3K/Akt regulates survivin expression have not been elucidated. Many studies report that inhibition of PI3K/Akt signaling down-regulates survivin expression, enhancing apoptosis induced by tumor necrosis factor-a (39), geranylgeranyltransferase I inhibitor (40) , lovastatin (41) , and anticancer drugs (42, 43) . Because we hypothesized that, in PTENnegative cells, nutlin-3 -induced apoptosis is attenuated by survivin that was up-regulated by PI3K/Akt, we evaluated whether inhibition of PI3K/Akt in these cells would down-regulate survivin and thus increase the apoptotic activity of nutlin-3. Although inhibition of PI3K using its specific inhibitor Ly294002 significantly decreased Akt activity in our ALL cell model, the expression of survivin was only slightly down-regulated. However, when used in combination with nutlin-3, the expression of survivin was remarkably down-regulated compared with the use of either nutlin-3 or Ly294002 alone. Tests on the mitogenactivated protein kinase inhibitors SB203580 and PD98059 did not show any synergistic effect with nutlin-3 with respect to decreasing survivin expression in PTEN-negative ALL cells. It is of note that all PTEN-negative ALL cell lines in this study express high levels of PI3K and Akt, yet transfection of PTEN into these cells resulted in significant down-regulation of survivin but not other IAP members, such as cIAP-1 and cIAP-2, in response to nutlin-3 treatment. These results indeed show that survivin expression is specifically regulated by the PI3K/Akt pathway and that inhibition of PI3K/Akt signaling synergizes with nutlin-3 treatment to significantly downregulate survivin.
The p53-mediated nutlin-3 apoptotic activity takes place by two major pathways: p53-induced activation of proapoptotic proteins, including Bax and PUMA, and p53-induced repression of the antiapoptotic protein survivin (21) . In PTEN-negative/Akt-activated ALL cells, the survivin pathway that is affected by nutlin-3 activity seems to be predominant. When treated with nutlin-3, we detected similar inductions of Bax, PUMA, and p53 in both the PTEN-positive and PTEN-negative ALL cells. However, expression of survivin was significantly repressed in the PTEN-positive cells, but not in PTENnegative cells, after treatment with nutlin-3. Cell death as measured by cytotoxic and apoptotic assay showed that the activity of nutlin-3 in PTEN-negative cells could be significantly enhanced by a down-regulation of survivin that was achieved by inhibition of PI3K/Akt. Furthermore, direct silencing of survivin expression by siRNA increased the apoptotic activity of nutlin-3, showing the critical role that survivin down-regulation/silencing plays in achieving success with nutlin-3 -induced apoptosis.
ALL is the most common malignant disease in children. Despite the ability of the current treatment regimens to reach relatively high rates of remission induction and survival, approximately 20% to 25% of children with ALL do not respond well to therapy. These ALL patients either fail initial induction therapy or relapse after a short remission (44) . Both overexpression of the p53-inhibitory factor MDM2 and loss of PTEN expression that causes high levels of PI3K/Akt activation in ALL cells have been reported as factors that contribute to leukemia cell survival and resistance to chemotherapy, which may be implicated in the incidence of refractory disease (31, 45, 46) . Our study has clarified the molecular requirements for nutlin-3 to function well in controlling most types of ALL cells, including those that have previously proved fatal to pediatric patients. As a consequence, we believe that simultaneous inhibition of both MDM2 and PI3K/Akt pathways would be a novel and highly promising approach to improving therapeutic efficacy in refractory ALL cases.
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